Modern automated and semi-automated methods of shape analysis depart from the coordinates of the points in the outline of a figure and obtain, based on artificial vision algorithms, descriptive parameters (i.e., the length, width, area, and circularity index). These methods omit an important factor: the resemblance of the examined images to a geometric figure. We have described a method based on the comparison of the outline of seed images with geometric figures. The J index is the percentage of similarity between a seed image and a geometric figure used as a model. This allows the description and classification of wheat kernels based on their similarity to geometric models. The figures used are the ellipse and the lens of different major/minor axis ratios. Kernels of different species, subspecies and varieties of wheat adjust to different figures. A relationship is found between their ploidy levels and morphological type. Kernels of diploid einkorn and ancient tetraploid emmer varieties adjust to the lens and have curvature values in their poles superior to modern "bread" varieties. Kernels of modern varieties (hexaploid common wheat) adjust to an ellipse of aspect ratio = 1.6, while varieties of tetraploid durum and Polish wheat and hexaploid spelt adjust to an ellipse of aspect ratio = 2.4.
Introduction
Bread wheat is a major crop with an annual production likely to reach more than 750.4 million metric tons in 2016-2017 (Foreign Agricultural Service, USDA, 2018). The history of agriculture, and in particular, the recent mechanized techniques for product processing, have resulted in a large extension dedicated to the main agricultural varieties. Thus, about 95% of the wheat produced consists of Triticum aestivum L., an hexaploid species usually called "common", "bread" or "soft" wheat [1] . The majority of commercial bread sold throughout the world is the product of varieties of T. aestivum ssp. aestivum, characterised by naked kernels, which is an advantage for milling in the production of bread and pasta, as well as in the baking industry. In contrast, wild species of wheat, along with the domesticated species einkorn, emmer and spelt, have hulled kernels, and their grains are tightly enclosed between glumes making the threshing difficult [2, 3] .
In recent years, there has been an increase in "alternative" wheat species due to their potential nutritional value [4] . The most common ancient wheat species commercially available are einkorn
Materials and Methods

Species and Varieties of Wheat
The analysis included six wheat taxa (T. monococcum, T. dicoccum, T. durum, T. polonicum, T. aestivum ssp. aestivum, T. spelta), of which T. durum is represented by three varieties and T. aestivum ssp. aestivum by two additional varieties. As a result, we have the following: 1. T. monococcum (einkorn; Tm); 2. T. dicoccum (emmer; Tdi); 3. T. durum (var. Floradur; TduF), 4. T. durum (var. Duromax; TduD), 5. T. durum (var. Duroflavus; TduDu), 6 . T. polonicum (Polish wheat; Tp), 7. T. aestivum ssp. aestivum, (Taa), 8 . T. aestivum ssp. aestivum (var. Zebra; TaaZ), 9. T. aestivum ssp. aestivum (var. Torka; TaaT), 10 . T. spelta (Ts). All lines and varieties were reproduced at the Department of Plant Breeding and Seed Production of the University of Warmia and Mazury in Olsztyn, Poland. The lines were obtained by the reproduction of accessions obtained from the National Centre for Plant Genetic Resources (NCPGR), Radzików, Poland, the National Plant Germplasm System (NPGS), USA, and Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) in Gatersleben, Germany. A field experiment was conducted in 2014/2015 in the Agricultural Experiment Station in Bałcyny (53 • 36 N, 19 • 51 E), Poland. Plots with an area of 9 m 2 each were established on soil typically used for wheat cultivation [7] .
Images of Wheat Kernels
Images of wheat kernels were of two types: (a) the original scan images obtained previously [7] consisted of 150 kernels for each of six wheat taxa (Tm, Tdi, TduF, Tp, TaaZ and Ts), and (b) the photographs taken with a digital camera Sony ILCE 5100.
General Morphological Description by Image Analysis
Scan images from different subspecies were used to obtain data of the area (A), the perimeter (P), the length of the major axis (L), the length of the minor axis (W), the aspect ratio (AR is the ratio L/W), circularity (C) and roundness (R). All these magnitudes were calculated with Image J program [24] . The circularity Index was calculated as described by [8] and roundness as described by [25] [26] [27] .
Comparison with Geometric Models
The method used for the morphological description of kernel shape involves a comparison with geometric figures used as models. Three geometric models were used: (1) an ellipse of aspect ratio (AR) = 1.8 was chosen to fit the "round varieties" (T. aestivum ssp. aestivum var. Zebra and Torka), (2) a lens of AR = 3.2 was chosen to fit the elongated kernels (T. monococcum), and (3) an ellipse of AR = 2.4 ( Figure 1 ). For each of these geometric models, the ratios were taken from the mean values in the varieties better adapted (T. aestivum ssp. aestivum, var. Zebra for the ellipse and T. monococcum for the lens). Images containing the kernel photographs and the geometric model were composed with Corel PHOTO-PAINT X7 (Corel corporation, v. 17.5.0.907; www.corel.com). Areas of kernel images were calculated with ImageJ program. To obtain the J index, the areas in two regions were compared: the region shared by the model and the seed image (common region, C) and the region not shared between both areas (D). The J index is defined by:
where C represents the common region and D the regions not shared (Figure 2 ). Note that J is a measure of seed shape, not of its area. It ranges between 0 and 100 decreasing when the size of the not-shared region grows and equals 100, when the geometric model and the seed image areas coincide, that is, when area (D) is zero. Similarity was considered when J index values were over 90. Method for obtaining the J index (percentage of similarity between two images, the geometric figure and the kernel image). On the left: the kernel (TaaZ, top) and the geometric model (ellipse, bottom). In the center, the composed image containing both, the kernel and the ellipse. Right: total surface occupied by both figures (top) and shared surface (bottom). The J index is the ratio between the shared and total surface × 100.
Curvature Values
Curvature is a property of smooth curves that indicates the degree of divergence from a straight line by means of measuring the variation of the tangent at each point during progression through the Areas of kernel images were calculated with ImageJ program. To obtain the J index, the areas in two regions were compared: the region shared by the model and the seed image (common region, C) and the region not shared between both areas (D). The J index is defined by:
where C represents the common region and D the regions not shared (Figure 2 ). Note that J is a measure of seed shape, not of its area. It ranges between 0 and 100 decreasing when the size of the not-shared region grows and equals 100, when the geometric model and the seed image areas coincide, that is, when area (D) is zero. Similarity was considered when J index values were over 90.
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To obtain curvature values in the poles of the kernel, first a smooth curve was adjusted to the polygonal obtained from the points selected along the silhouette of the poles. For this purpose, we used Bézier curves [28] [29] [30] ). Given a representative set of points, an equation based on Bernstein polynomials that reproduces the silhouette of the poles is obtained for each of the two kernel poles (Figure 3 ).
curve. Formally, if θ represents the angle which the tangent vector makes with the x-axis, the curvature at a point of the curve represents the rate of change of θ with respect to the arc length s of the curve:
To obtain curvature values in the poles of the kernel, first a smooth curve was adjusted to the polygonal obtained from the points selected along the silhouette of the poles. For this purpose, we used Bézier curves [28, 29, 30] ). Given a representative set of points, an equation based on Bernstein polynomials that reproduces the silhouette of the poles is obtained for each of the two kernel poles ( Figure 3 ). 
Statistical Analysis
ANOVA(Analysis of variance) was used to show significant differences between populations for the measured variables, followed by Scheffé's test to provide specific information on which means were significantly different from one another. The analysis was done with software IBM SPSS statistics v25 (IBM corp., 25.0.0.1, https://www.ibm.com/analytics/spss-statistics-software). Table 1 shows the mean values of the area (A), the perimeter (P), the length of the major axis (L), the length of the minor axis (W), the aspect ratio (AR is the ratio L/W), circularity (C) and roundness (R) obtained for the kernel images of six taxa of wheat and their varieties. The data were obtained from a new analysis of the original scan images described by [7] . 
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General Morphological Description
Statistical Analysis
ANOVA(Analysis of variance) was used to show significant differences between populations for the measured variables, followed by Scheffé's test to provide specific information on which means were significantly different from one another. The analysis was done with software IBM SPSS statistics v25 (IBM corp., 25.0.0.1, https://www.ibm.com/analytics/spss-statistics-software). Table 1 shows the mean values of the area (A), the perimeter (P), the length of the major axis (L), the length of the minor axis (W), the aspect ratio (AR is the ratio L/W), circularity (C) and roundness (R) obtained for the kernel images of six taxa of wheat and their varieties. The data were obtained from a new analysis of the original scan images described by [7] . The results are similar to those obtained by Goriewa-Duba et al. [7] showing differences between varieties for all the parameters tested. Five groups are obtained for A, P, AR, C and R. Kernels of Tm are smaller, while those of T. polonicum are larger (Tp > TduF > Tdi). Results based on new images (Table 1b) gave four groups instead of five for A, AR, C and R and two groups for P. Due to the reduced number of kernels used in this experiment, the results were less discriminant, nevertheless the main differences are maintained in both experiments and are consistent with the results reported [7] . Namely: kernels of Taaz have a lower AR than the other taxa and varieties, while kernels of Tm and Tdi have a higher AR. Kernel images of TaaZ have higher values of circularity and in the case of Tm lower values. Tm and Tdi have lower values of roundness (kernels are more elongated).
Results
General Morphological Description
Comparison with Geometric Models. Values of J Index
The differences in roundness and circularity values, together with the visual examination of kernel shape, suggested different models for the quantification of seed shape. An ellipse of AR = 1.8 was designed to fit the shape of T. aestivum ssp. aestivum Zebra (TaaZ) (more rounded), a lens of AR = 3.2 to fit the shape of T. monococcum and T. dicoccum, and an ellipse of AR = 2.4 to fit the shape of the rest of species, subspecies and varieties (Figure 4 Table 2 shows the statistical parameters and results of comparison of means for values of J index with an ellipse of aspect ratio = 1.8, a lens of aspect ratio = 3.2 and an ellipse of aspect ratio = 2.4 respectively. Table 2 shows the statistical parameters and results of comparison of means for values of J index with an ellipse of aspect ratio = 1.8, a lens of aspect ratio = 3.2 and an ellipse of aspect ratio = 2.4 respectively. The results of the three models show that wheat kernels are classified into three groups according to their shape: (1) a group of "rounded" kernels, (2) a group of "elongated" kernels, and (3) Table 3a shows the statistical parameters and results of comparison of means corresponding to the values of curvature obtained for the basal pole of kernels of ten genotypes of wheat. The two subspecies belonging to group 2 (elongated kernels, Tm and Tdi), giving high values of J index with a lens of AR = 3.2, have higher curvature values in the basal pole ( Figure 5 ). Similar results were obtained with the apical pole ( Figure 5 ). Overall, curvature values were higher in the anterior pole due to a maximum in the apex region of the embryo. Agronomy 2019, 9, x FOR PEER REVIEW 12 of 13 
Curvature Analysis
Differences in Symmetry
The ratio between maximum values of curvature in both poles gives an idea of the symmetry of the kernel. Values close to 1 reflect similar curvature in both poles, and thus, high symmetry. The more this ratio diverges from 1, the more asymmetry is displayed by the kernel.
When the comparison analysis included the results for all species and varieties, only T. polonicum (Tp) diverged from the others (Table 3b ). In Tp, the ratio between maximum curvature values in the anterior and posterior poles is higher than in the other objects, thus representing higher asymmetry in the kernel of this wheat ( Figure 6 ). 
Discussion
Automated methods based on artificial vision and algorithms are applied in general to all kinds of shape comparisons in remote sensing and morphology. In botany, these methods have been applied to the analysis and classification of seeds in diverse taxonomic groups [10, 11, 12, 13] , as well as for wheat kernels [7] .
The comparison of kernels belonging to different groups based on automated methods departs from the coordinate values (x, y) of the points in the contour of the object. Algorithms are applied to calculate data of size (the area, perimeter, length and width) as well as shape descriptive variables (the roundness and circularity index). The comparison of different images by statistical analysis often includes together data of size and shape providing a final mixture whose results are highly dependent on size variables while circularity and roundness values only give a relative idea of shape. The groups obtained by this method do not take into account important information concerning the similarity of a seed image to a geometric figure. In contrast, the J index provides a measurement of the similarity to geometric figures, this having two advantages [15, 16, 21, 31] . First, the groups resulting from each experiment are associated with geometric figures. Second, the method provides a control for results coming from different experiments.
The results presented here were obtained in two steps. First, a preliminary general morphological analysis was performed comparing independently data concerning size and shape. Later on, results are concentrated exclusively on shape independently of size. The first part involves semi-automated data analysis, the latter applies the method based on the comparison of kernel images with geometric figures [15, 16, 31] . 
Automated methods based on artificial vision and algorithms are applied in general to all kinds of shape comparisons in remote sensing and morphology. In botany, these methods have been applied to the analysis and classification of seeds in diverse taxonomic groups [10] [11] [12] [13] , as well as for wheat kernels [7] .
The results presented here were obtained in two steps. First, a preliminary general morphological analysis was performed comparing independently data concerning size and shape. Later on, results are concentrated exclusively on shape independently of size. The first part involves semi-automated data analysis, the latter applies the method based on the comparison of kernel images with geometric figures [15, 16, 31] .
Diploid wheat species have a smaller grain than tetraploid wheat [7, 32] . This is confirmed in our preliminary study where diploid einkorn was characterized by the smallest kernel area. Tetraploid species have a larger surface area. The relationship between the ploidy level and size, however, is not maintained in all hexaploid wheats. For example, kernels of ancient spelt are large, while those of the commercial varieties Torka and Zebra are smaller [7] . While size can be dramatically variable due to growing conditions and position of the kernel in the wheat spike the kernel shape may be quite stable.
Concerning shape, three groups result from the comparison of wheat kernels with geometric figures: the ellipse (AR = 1.8), the lens (AR = 3.2) and the ellipse (AR = 2.4). The first comprises the commercial hexaploid varieties TaaZ and TaaT; the second the ancient diploid T. monococcum (Tm; einkorn) and the ancient tetraploid T. dicoccum (Tdi; emmer), and the third group contains the remaining species, subspecies and varieties, including the three varieties of tetraploid T. durum (TduF, TduD, TduDu), T. polonicum (Tp) and two hexaploids (Taa and Ts).
In general, a trend is observed with the ancestral taxa being more elongated and less round than the modern wheat bread varieties, which is in line with the selection done in favor of rounded kernels associated with more yield in the milling process [7, 33, 34] . The figures used present a gradient of roundness that parallels the evolution of wheat kernels from the more primitive diploid einkorn and early tetraploid emmer varieties that resemble an elongated lens of AR = 3.2, through the intermediate shape of modern tetraploid varieties and ancient hexaploid T. aestivum ssp. aestivum and T. spelta, resembling an ellipse of AR = 1.8, to finally more rounded kernels of modern hexaploid varieties TaaZ and TaaT.
The values of curvatures in the apical and basal poles may reveal differences between genotypes in the group composed by a higher number of species, subspecies and varieties. The kernels of T. polonicum present a particular asymmetry that may represent a differential characteristic this species. It may be interesting to investigate those aspects in other wheat species and varieties.
The method reported here of shape comparison with geometric figures is useful for the visualization and validation of results obtained by more commonly used automated artificial vision methods. The groups obtained by digital image analysis correspond to kernel types resembling different geometric figures and the similarity to figures can be quantified for each group by J index. Similarly this method may be of practical application in the validation of results of digital analysis applied to shape comparison in the identification of varieties, species description and in general, in taxonomy.
Conclusions
(1) The comparison of kernel images with geometric figures allows a classification of kernels based on their similarity to the figures of the lens and different ellipses. (2) Kernels of diploid einkorn and ancient tetraploid emmer varieties adjust to the lens. Kernels of modern varieties (hexaploid common wheat) adjust to an ellipse of Aspect Ratio = 1.6, while varieties of tetraploid durum, emmer and Polish wheat and hexaploid spelt adjust to an ellipse of Aspect Ratio = 2.4. (3) Adjust to a lens is associated with higher curvature values in the poles of ancient varieties. (4) The kernels of T. polonicum present a particular asymmetry that may represent a differential characteristic of this species. (5) The method may be of practical application in the validation of results of digital analysis applied to shape comparisons.
